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The US ITER Project Office is carrying out a program for joints development in order to establish fabrication process and also characterize electrical and mechanical performance of the joints in a special Joint Test Apparatus.
Status of the joint development and test results are presented and discussed in the paper.
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I. INTRODUCTION
T HE Central Solenoid (CS) consists of six pancake wound modules. Each module has 6 hexa-pancakes and one quadra-pancake that need to be electrically joined within the space of the winding pack. The interpancake joint is one of the most critical components of the CS Modules. Failure of one of the joints makes the whole CS unusable.
Two options for the interpancake joints have been under development-butt joint and a sintered joint.
The CS design originally had a butt joint as the baseline compact joint [1] . A soldered version of a lap joint was dismissed due to doubling of the cooling lines for cooling the joint and significant increase (basically double) of the joint volume. Later, in 2007, a sintered joint was introduced, inspired by the ENEA joint development [2] .
Each of the options has its attractive features. The butt joint is completed after heat treatment and therefore allows parallel insulation application and shorter fabrication schedule. But it is not forgiving to misalignment and requires very delicate handling.
The sintered joint is completed before heat treatment and therefore requires handling of the full 100 t module through heat treatment and insulation, which is not favorable for schedule and complexity of the assembly tools. However, it is less risky in fabrication, since after assembly it needs no handling. From the performance stand point, the butt joint is a proven solution that did not cause any problems during operation of the CSMC Outer Module in JAEA, Naka Japan. The sintered joint with cut or partially cut subcables generates an inevitably nonuniform current distribution, which is a concern that is very difficult to qualify.
II. BUTT JOINT DEVELOPMENT
The butt joint is a diffusion bond between tightly compacted cables after heat treatment and cutting and polishing the ends. The CS butt joint is the extension from the butt joint developed by JAERI for the CS Model Coil Outer Module [3] (Fig. 1) . However, there are several differences in fabrication: a) the butt joining tool needs to be assembled and sealed around connecting conductors, and b) the straight section where the joint is made is very short in order to prevent the joint to "bulge" from the winding pack too much. There is a difference in operation-the main difference is that there is a tensile strain across the joint interface and the magnetic field is mostly parallel to the joint interface, as opposed to be along the conductor in the CSMC joints.
We built a Butt joint fabrication system that provides all necessary conditions for reliable bonding. The butt joint is formed on the heat treated cables at the following conditions:
-30 MPa, (0.5 Pa), temperature at the . The bonding time was established to be 70 minutes. It is essential to have full contact over the joining area, otherwise bonding does not occur.
The system has a data acquisition and a control rack, relief valve and interlocked shut off valve to protect the turbo pump in the event of loss of vacuum in the chamber.
Although the butt-joint is designed to meet electrical specifications, it must also meet the demanding cyclic mechanical stress requirements that are addressed here. First, we fabricated several samples in order to estimate a metallurgical bond of the joint at the interface. Then, we fabricated four straight samples and subjected them to cyclic and destructive loading and metallurgical evaluation of the fracture. All four prototype samples have been successfully tension-fatigue tested at 77 K ( , , ) to 60 000 cycles with no failures. This constitutes more than double of expected strain in operation.
Three of the four have been post-fatigue tensile tested to failure to confirm that an average post-fatigue tensile strength of the joint occurs at a cable stress rating of 60 MPa. The fourth sample has been sectioned for metallographic inspection. The tests also provided an opportunity to measure the 77 K stress-strain behavior of the superconducting cables, which is also presented here (Table I) .
The sample 2 was not fractured in order to explore metallurgical bond. Sectioned and polished samples showed good adherence of the wires to the copper interface sheet when it was fractured in the post-fatigue tension test.
III. SINTERED JOINT DEVELOPMENT
We liked the ENEA (Frascati) group idea of having the joint with the same cross section as the regular cable, but we slightly modified the design and considered two options. The simplest was a three-finger design in which every other subcable was completely cut, and the remaining void was filled with a subcable from the opposite conductor as shown in Fig. 2 .
Such a concept of a joint is simpler than that presented in the original proposal, but it would potentially have worse current-distribution nonuniformity, which would be difficult to quantify or assess. In the worst-case scenario, only half of the cable would carry the full current, which might cause stability problems. To partially suppress such distribution nonuniformity, one could trace the subcables and make connections between the subcables in such a manner that current was forced to cross the boundary between the subcables. But such a measure would require identification of the subcables and still would not guarantee uniform distribution, although it would improve distribution.
A slightly more complicated but much more electrodynamically reliable option would be a six-finger design (Fig. 3) . In this option the current nonuniformity would be contained on the level of a subcable, rather than on the level of the cable as in the three-finger or ENEA design.
A. Sintered Joint Prototype
In order to address the fabrication steps for sintered joint, we fabricated a prototype 3 3 full scale sintered joint. One of the most critical operations addressed in the study is common for both types of the joint, namely close out welds. The intention of the restoring the jacket is to avoid stress concentration, which occurs if jacket thickness experience rapid change in the cross section. That is why it is advantageous to maintain cross section of the joint the same as the regular conductor.
The design of the prototype is shown in Fig. 4 . Before we fabricated the prototype we had a similar but a shorter sample equipped with several thermocouples in order to see how high the cable surface temperature will reach in the process of welding. The most difficult welds are the butt welds at the area where the jackets are removed. During these tests where we tried to keep the temperature below 230 C, we discovered that it was not possible, and we saw short spikes to 500 C and higher.
Moreover, the quality of the welds with multiple stops turned out to be unacceptable.
The time duration when this temperature exceeded the target value lasted only for 5-15 s. Having in mind that the reaction heat treatment at 650 C lasts several days, the very short heat pulses are not important. Taking into account that the CS cable will not have internal tin strands, and there is no tin to melt, this requirement of 230 C during welding is not critical either before or especially after heat treatment. When this requirement was removed, we achieved a good quality of full penetration welds everywhere.
B. Sintering Studies
The sintered joint low resistance relies on a good quality of sintering among the strands and cable and the copper sleeve. From the past joint development it is known that for good sintering a compaction of the cable shall be down to 20% void or tighter. Surface condition of the strands is also important.
According to the fabrication schedule, some of the joints will be assembled many months before heat treatment. Exposure to atmospheric oxygen and moisture is a concern for good quality of sintering.
Our studies showed that even though oxidation does take place, the surface recovers and restores its virgin metallic appearance during heat treatment in the inert gas.
IV. ANALYSIS OF HYDRAULIC IMPEDANCE OF THE JOINTS
Exact location of the joints and helium outlets is a difficult constraint. The joint receives the cooling from helium injected at the inner diameter. If hydraulic impedance of the joint is insignificant in comparison with the impedance of the hydraulic path of the pancake, it allows a significant relief and allows placing the helium outlet in any convenient place. We built a hydraulic model and showed that the impedance of the joint does not exceed 1200 Pa, which is negligible in comparison with expected 60 000 Pa (0.6 bar) of pressure drop between the inlet and outlet. This conclusion is valid for both types of joint, sintered and butt joint.
V. JOINT TEST APPARATUS
To qualify joints we designed and built a Joint Test Apparatus (JTA). The principle element of the JTA is a superconducting transformer, see Fig. 5 . The inner, primary, coil is driven by a power supply. The inductively coupled inner coil induces a current in the outer coil, which is a single-turn racetrack with the joint, and then the power supply holds a constant current in the inner coil. The induced current decays on the joint resistance, and we measure the decay time, which is (1) We know the inductance from modeling it in the OPERA software, so by measuring the decay time, we can determine joint resistance. We also measure the voltage drop across the joint and the magnetic field with two calibrated Hall probes with resistance on both sides of the test sample, which gives a fairly accurate reading of the current in the test sample. Knowing voltage across the joint and the current we obtain direct measurement of the resistance. So we have two independent ways of measuring joint resistance.
Self-inductances and coupling of the JTA are provided in Table II . The JTA has a four-quadrant power supply that can charge and discharge the primary winding up to 200 A at the rate up to 8 A/s. M is mutual inductance.
The sample is equipped with a heater to kill persistent current so every run will start in a virgin state, if desired.
In the case of a negligibly low resistance, the current in the sample will be (2) Thus, at 200 A in the primary winding the current in the sample will be 56 kA.
The current in the primary coil is measured by two Hall probes located in the area in which the effect of the field is the strongest from the sample and relatively weak from the primary winding.
To measure the joint resistance, we do not need an absolute value of the magnetic field, just the decay time.
We do need the absolute measurement of the Hall probes to measure current in the sample, so we are using calibrated sensors (although it is not the main purpose of the JTA measurements).
To reduce the amount of liquid helium used for testing, we inserted displacement bladders into the Dewar volume, shown in Fig. 5 . With this measure and LN2 precooling, the total consumption of liquid helium was less than 400 L, a significant amount of which could be reused by transferring the remaining liquid helium into a transport Dewar or by testing several samples consequently.
VI. FIRST TESTED RACETRACK TEST RESULTS
The first racetrack tested in JTA was a sintered joint with six fingers. The current decay method showed that resistance of the joint was 0.134 nOhm, which comfortably meets requirement of 4 nOhm even after magnetoresistance is taken into account. The current in the sample was 50 kA at 200 A in the primary, because persistent current was 6 kA in the beginning of the swing. Thus, the total induced current in the sample was 56 kA at 200 A in the primary winding, exactly as expected.
Direct measurement of joint showed significantly lower resistance, but direct measurement of resistance is not as reliable since voltage taps are located on the jacket and too close to the joint, where electrical potential distribution is very tricky. We observed this abnormality during CSMC activities and joint development effort for that project [4] .
VII. CONCLUSION
Significant progress has been made in the CS joint development. Both the butt joint and sintered joint options look feasible.
The sintered joint was electrically tested and showed very good performance. The butt joint showed very good mechanical properties. Two butt joint racetracks are scheduled to be electrically tested later this year. The final selection will be made after thorough consideration of technical risks, cost and schedule.
We built a very economical apparatus for joint measurements at 4 K, which will be used for all joint types for the ITER Central Solenoid.
